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Abstract: Modern internal combustion engines are designed to meet new emission standards and
reduce fuel consumption. The wide application of direct fuel injection is associated with the problem
of injector contamination. It leads to a deterioration of the engine’s environmental performance. The
paper aims to evaluate the effect of applying gasoline-butanol blends and appropriate additives
on the formation of injector deposits. The research involved testing the engine on a dynamometer,
evaluating the injector tips visually at 1000 x magnification, and registering the fuel spray using high-
speed imaging techniques with a laser and halogen lighting source. The effect of engine operating
with the reference fuel was to coke the injector tip with a linear pattern. It increased the linear
injection time to keep the engine’s operating point constant over the 48 h test. The application of 20%
(v/v) butanol reduced deposit formation. The best scavenging results were obtained by extending
the engine operating time by the next 24 h and using a cleaning procedure. The procedure included a
cleaning additive in addition to butanol. Among the cases analyzed, a combination of butanol and
DCA (Deposit Control Additive) was the best method for injector patency restoration.

Keywords: GDI engine; injector deposition; butanol; DCA; fuel atomization quality

1. Introduction

The global policy of reducing road transport emissions requires diversifying the
powertrains and fuels employed. As a result, completely new or significantly modified
technologies and design features are being forced into use. In the case of the automotive
industry, the development of vehicles and fuels or other energy sources is subordinated to
the overriding goal of reducing harmful emissions, including greenhouse gases (GHGs),
into the atmosphere.

A directive of the European Parliament and of the Council (EU) 2009/28/WE of
23 April 2009 on promoting the use of energy from renewable sources known as RED I
(Renewable Energy Directive) specifies permissible ethanol content in gasoline and supports
flex fuel vehicles. In turn, the Directive of the European Parliament and the Council (EU)
2018/2001 of 11 December 2018, also known as the RED II or Biofuels Directive, promotes
the use of energy from renewable sources [1].

On 8 June 2022, the European Parliament voted on a Regulation of the European
Parliament and of the Council (EU) amending Regulation (EU) 2019/631 with regard to
tightening CO, emission standards for new passenger cars and light commercial vehicles
in line with the Union’s more ambitious climate targets. The European Parliament voted in
favor of reducing average CO, emissions by 20% by 2025, by 55% by 2030, and by 100% by
2035 compared to 2021.

The research that has been carried out and the experience collected during the opera-
tion of engines indicate ethanol and butanol as the most promising alcohol biocomponents
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for the conventional fuels currently in use [1]. However, it is worth noting that alcohol-
doped fuels are compatible with new trends in the development of internal combustion
engines. That allows better use in the design of engines and the potential of new tech-
nologies, such as downsizing, modern solutions of direct, high-pressure fuel injection, and
boosting and controlled auto-ignition [2-5]. In addition, alcohol-gasoline blends’ environ-
mentally friendly properties are an essential factor in determining the possibility of using
fuel as an alternative to vehicles. The results of studies conducted to date have shown that
using alcohol-blended fuel for vehicle propulsion provides measurable benefits in terms of
greenhouse gas emissions compared to gasoline [6-8].

Fuel is an important part of the automotive engineering process, including the choice
of construction materials, including lubricating oils for the powertrain, fuel distribution,
and storage systems. The limits of engine control and the optimization of harmful exhaust
emissions and performance and operating characteristics are determined by fuel proper-
ties. Thus, the fuel should ensure the vehicle’s technical functionality and appropriate
performance characteristics while maintaining the required emission standards over the
engine’s life cycle and the manufacturer’s warranty. Any fuel change on the market must
be adapted to the existing fleet of vehicles and their requirements [1,5]. The scope and
results of research work to date do not fully explain how certain properties of various
alcohols affect engine performance and operating characteristics. Also insufficiently rec-
ognized is the effect of blends of alcohols with gasoline on the tendency to form or flush
out pre-formed, various injector deposits of gasoline direct injection (GDI) engines. How-
ever, the coke deposits formed on the injector tips of GDI engines, especially in the fuel
outflow channels and around the exhaust ports, deform the injected fuel jet, affecting its
shape and range and the amount of fuel delivered. However, the coke deposits formed
on the injector tips of GDI engines, especially in the fuel outflow channels and around
the exhaust ports, deform the injected fuel jet, affecting both its shape and range, as well
as the amount of fuel delivered. It has a very detrimental effect on both the quantitative
and qualitative processes of mixture formation and combustion processes in the engine
chambers. Presumably, this causes difficulty in starting, engine performance deteriora-
tion, increased fuel consumption, and emissions of harmful exhaust components. The
mechanisms of deposit formation in an engine vary depending on where the deposit is
formed and the factors that affect it. Due to simultaneous deposit removal processes, the
number of deposits formed is the result of deposit formation and removal processes. The
mechanisms of deposit formation are known, although the formation processes are not
fully understood to date. In the case of fuel injectors, deposit precursors are formed by
oxidation, condensation, and precipitation of unstable hydrocarbons (aromatics and olefins)
from the fuel [9,10]. These precursors form precipitates through two distinct chemical
reaction pathways, i.e., self-oxidation at low temperatures and coke precipitate forma-
tion by pyrolysis at high temperatures. However, it has not been possible to establish a
temperature boundary between the low- and high-temperature reactions, especially as a
temperature range has been observed in which both low- and high-temperature-assigned
reactions occur [10]. Oxidative stability differs from thermal stability and refers to the rate
of oxygen consumed during the formation of oxidation products. Oxidation reactions of
alkyl radicals form hydrated peroxides and other oxidation products responsible for pre-
cipitate formation [11,12]. At temperatures higher than 350 °C, carbonaceous precipitates
are usually formed in two ways, i.e., by the decomposition of hydrocarbons to free carbon
and hydrogen and by the polymerization/condensation of different hydrocarbon moieties
to larger polycyclic aromatic hydrocarbons, which then form embryos and subsequently
carbonaceous precipitates. In GDI engines, as in indirect injection (PFI—Port Fuel Injection)
engines, the main influence on deposit formation processes on the injector tips is high
temperature [9,10]. Additionally, the fuel’s high sulfur and olefin contents are other factors
that promote deposit formation. Also of major importance is the direct chemical impact on
the injector of the gases of the mixture being burned in the engine combustion chamber
and high pressure. Deposits usually begin to form in the outlet area of the fuel injector



Energies 2023, 16, 77

30f18

orifices and then cover the interior of the injector orifice tubules, especially the surfaces
on which fuel wetting remains after injection [11,12]. Such deposits, in the form of lakes
and resins, result from the fuel’s thermal oxidation and polymerization processes. It poses
a challenge and defines new research areas for engine designers and fuel manufacturers,
especially additive manufacturers [13,14]. In the absence of an effective Deposit Control
Additive (DCA) in the fuel, injector deposits form relatively fast. This especially occurs
when the fuel is chemically unstable and the vehicle is operated over short distances, so the
engine is frequently heated and cooled [11]. DCA components must be compatible with
other additives in the fuel refining package and tolerate water very well. They must not
contribute to the fouling of spark plugs, the suspension of engine valves, or the formation
of deposits in the engine crankcase. Standard DCA-type additives used in motor gasoline
are most often based on polyisobutylene (PIB) or polyether amine (PEA) [1]. While PIB
dissolves readily in hydrocarbons, it does not mix with alcohol. Consequently, this can
increase the deposits formed on engine components and the fuel injection system. Thus,
dedicated DCA-type additives are necessary for alcohol-blended fuels [15]. Manufactur-
ers of engines, fuel additives, and fuels themselves have for many years paid very close
attention to testing and evaluating the tendency of fuels to form harmful engine deposits.
This is reflected in the world’s most important document defining the required scope and
procedures for fuel testing, i.e., the Worldwide Fuel Charter. The latest, sixth edition of
the Worldwide Fuel Charter was released on 28 October 2019. Since its first edition, the
Worldwide Fuel Charter included a set of, inspected by fuel and engine manufacturers,
Europe-wide standardized engine fuel testing procedures. These successively modified
and supplemented engine procedures specifically address the evaluation of the effective-
ness of DCA in both gasoline and diesel applications. The evaluations are carried out
using engines of different generations and concern harmful deposits formed on various
engine components. The systematic development of engine designs and fuel formulations
has led to the development of several procedures dedicated to studying the mechanisms,
magnitudes, and effects of the formation of harmful engine deposits, including the latest
procedure CEC F-113 (VW EA111 GDI Injector Deposit Test) [15,16]. These procedures
were developed within the framework of CEC (The Coordinating European Council for the
Development of Performance Tests for Fuel, Lubricants, and other Fluids) working groups.

The problem of deposit formation dependent on the fuel composition for GDI engine
injectors became the motivation for undertaking work, the results of which are presented in
this article. In particular, the effect of butanol admixture gasoline on the formation/flushing
of fuel injector deposits was studied. What sets this work apart from others is the use
of a unique hybrid methodology for evaluating deposits in GDI engine injectors. This
was performed by combining the well-known and Europe-wide standardized CEC F-113
test procedure with a qualitative comparative analysis of fuel flow from engine injectors
using laser illumination. This second, qualitative evaluation used a unique, in-house test
methodology.

The conventional analysis of jet penetration had limited applicability because there
were small differences when testing injectors fueled with various fuels. For this reason,
additional geometric indicators were used to determine differences in fuel injection. An
analysis of the jet cross-section was used to obtain differences due to changes in the
geometry of the nozzle. Additional confirmation of the changes is provided by visual
evaluation of the nozzles.

This allowed a multi-directional evaluation of the effects of butanol-blended gasoline
without and with the addition of DCA on the functioning of the injection system under
actual engine operating conditions. Such an approach to assessing deposits in fuel injectors
cannot be found in the literature. Therefore, the methodology presented in the article for
the study of injector deposits is its distinguishing feature.



Energies 2023, 16, 77

40f18

2. Butanol as an Engine Fuel

Butanol and ethanol are alcohols that are considered the most promising biocom-
ponents for the currently used conventional fuels. They are characterized by favorable
operating as well as environmental properties. They make it possible to reduce the share of
hydrocarbon fuels for fueling engines and reduce the emission of harmful components into
the atmosphere [17-20], including CO,—Table 1.

Butanol, as an admixture to motor fuels, has many advantages over the more common
ethanol. The heat of combustion of butanol is about 83% of the heat of combustion of
gasoline. In comparison, the heat of combustion of ethanol is 65% of the heat of combustion
of gasoline [20]. Butanol also has a higher heating value and is much less hygroscopic
than ethanol. Ethanol is fully miscible in water, while butanol is weakly soluble in water.
As a result, butanol has a less corrosive effect on fuel injection system components than
ethanol. Thus, butanol is more compatible with a fuel system adapted to gasoline than
ethanol. It also has better lubricating properties than short-chain alcohols, such as ethanol.
As with ethanol, the butanol addition to motor gasoline increases the octane number,
allowing for higher compression ratios and lower fuel consumption volume and CO,
emissions [21]. As with ethanol, when blending butanol with the gasoline of different
hydrocarbon compositions, both octane and volatility are nonadditive parameters. The
mixture of butanol and gasoline has a lower excess air ratio than gasoline—Table 1. The
disadvantages of butanol include a high boiling point and low vapour pressure, which
adversely affects the engine’s cold-starting ability [22-24]. Another disadvantage is the
lower heat of vaporization compared to ethanol when applied to fuels blended with
gasoline. Due to its higher viscosity and density compared to ethanol and gasoline, butanol
will break down less well when spraying the fuel. Consequently, it may be more prone to
form deposits on internal engine components, as well as in fuel injectors—Table 1 [22,23].
The performance of a ZI engine, especially with direct injection fueled by a gasoline/alcohol
mixture, depends to a large extent on the fuel atomization process. Therefore, many
researchers are focusing on further research and improvement of this process, including
reducing the impact of damaging injector deposits on this process [25-29].

Table 1. Main properties of gasoline and butanol [18,19,25].

Property Gasoline Butanol
Chemical formula CgHyg C4HyOH
Molecular weight [g/mol] 114 74.11
Fuel density in 20 °C [kg/m3] 736.8 806
Viscosity [mPa-s] 0.4-0.8 2.57-3.33
Excess air ratio 14.7 11.17
Heat of vaporization [k] /kg] 349 683
Oxygen content [%(m/m)] 0 21.6
Vapor pressure acc. to Reid at 37.8 °C [kPa] 63.9 6.6
Research octane number 95 105.1

3. Aim and Scope of the Study

Regarding the problem of loss of patency (fouling) of injectors in the injection systems
of GDI engines, it was decided to evaluate the change in the operating properties of injectors
under the influence of the application of a butanol additive and a DCA additive to gasoline.

The research was conducted in three fields:

the effect of the fuel used on the duration of fuel injection;
visual evaluation of injector orifices;
determining the effect of injector contamination on geometric spray indicators.

The study’s scope involved using base fuel and blends containing butanol and DCA
in various configurations. The injectors were operated in the engine under testing for 48
and 72 h, followed by visual evaluation and optical examination of the spray development.
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The study’s goal was to determine the degree of deposit formation of GDI engine
fuel injectors depending on the type of fuel and additive used. At the same time, the
possibility of leaching of previously formed deposits by the fuel-containing admixtures
with the inclusion of the DCA-type additive was determined.

4. Materials and Methods
4.1. Motor Fuels

Three types of fuels with different physicochemical properties were tested on an
engine dynamometer. The first was a reference fuel; the second was the same fuel admixed
with 20% (v/v) butanol, and in the third, a 500 mg/kg DCA-type additive was added to
the gasoline-butanol mixture. Benchmark gasoline RF-12-09 batch 11 required by CEC test
procedures for checking, adjusting, and calibrating test engines was used as the reference
(base) fuel. Gasoline RF-12-09 batch 11 is a non-DCA fuel with a high tendency to form
deposits on the intake valves of SI engines. Limiting the admixture of butanol to 20%
(v/v) was due to the engine manufacturer’s requirements for the maximum allowable
alcohol content in gasoline. A DCA-type additive of typical content for fuels on the
European market was used for the third fuel. This is an additive from one of the well-
known manufacturers that is compatible with gasoline-containing alcohol additives. The
physicochemical properties of the fuel samples prepared for testing are shown in Table 2.

Table 2. Physicochemical properties of gasoline samples prepared for engine testing.

RF-12-09 RF-12-09 Batch 11
Property Unit I];::ﬁ-;? Batch 11 + 20% +20% (v/v) Butanol Prorl(;:ilture
(v/v) Butanol + 500 mg/kg DCA
Notation base base+20B base+20B+DCA
Research octane - 96.2 98.8 98.8 EN ISO 5164
number
Motor octane - 86.1 88.7 88.7 EN ISO 5163
number
Sulfur content mg/kg 5.0 3.8 3.7 EN ISO 20846:2020
Content of
hydrocarbon types: )
olefinic % (0/0) 55 <5.0 <5 EN 15553:2009
aromatic % (v/v) 27.8 254 23.8
Oxygen % (m/m) 494 4.57 4.42 EN 1601:2017-09
Organic
compounds
containing EN 1601:2009
oxygen:
butanol % (v/v) <0.17 20.2 20.1
ethanol % (v/v) <0.17 <0.17 <0.17
Fractional
composition:
T10 °C 52.5 61.7 59.4 EN ISO + 3405:2019
T50 °C 106.8 102.6 101.9
T90 °C 173.2 153.4 153.8

The tests were conducted under conditions in accordance with the requirements of the
standardized, pan-European test procedure CEC F-113—2022 edition.

4.2. Engine Test Methodology

The tests were conducted according to two applicable versions of the test procedure,
i.e., CEC F-113-KC “Keep-Clean” Test Procedure and CEC F-113-CU “Clean-Up” Test
Procedure (VW EA111 BLG) [5]. In the remainder of this paper, these tests will be called
Keep-Clean and CleanUp. The VW EA111 BLG engine was used as the test tool in this
procedure. This engine is representative of European direct injection engine designs.
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Wall-guided direct fuel injection was matched with a combined supercharging system
(supercharging + turbocharging). The engine was built in the “downsizing” convention.
Six-hole electromagnetic injectors were used for fuel injection. During the tests, the engine
was operated under the following fixed conditions:

(a) with constant speed n = 2000 rpm;

(b) with a constant load Mo = 56 Nm;

(c) with constant injection pressure p = 7.7 MPa;
(d) with a constant excess air ratio of 1.

The test procedure consisted in performing the evaluation of fuels (and DCA additive)
according to two tests (Table 3):

o  Keep-Clean: is a 48 h test during which the engine is operated under constant speed
(2000 rpm) and constant load (56 Nm) conditions. It allows evaluation of the base or
refined fuel in terms of its ability to keep the injectors clean;

e  Clean-Up: includes a 48 h part of the Keep-Clean test and a 24 h part of the Clean-Up
test in which the engine runs under the same conditions as before. The test allows
evaluation of the cleaning properties of the fuel used in the Clean-Up part of the test.

Table 3. Research conditions.

Fuel

T Base Base + 20B Base + 20B + DCA
est

Keep-Clean (48 h) Yes Yes

Keep-Clean (48 h) + Clean-Up (24 h) Yes Yes

As a criterion for evaluating the fuel in the tests, the changing width of the electrical
pulse controlling the injection time of the fuel dose was used. This time changes (lengthens)
as the number of deposits accumulating outside and inside the injector gradually increases.
The injection time was registered with an accuracy of 0.001 ms. During the Clean-Up test,
the pulse width controlling the fuel dose injection time shortens as deposits are flushed out
of the injectors.

Due to the nature of the measurement, the engine tests were not repeated. Their
repetition would require a new batch of injectors. Repeating the tests on current injectors
would have entailed different test results due to changes in the injector flow.

The fuel tests were carried out on an engine test bench complying with the CEC
F-113-KC “Keep-Clean” Test Procedure and the CEC F-113-CU “Clean-Up” Test Procedure
(VW EA111 BLG)—2022 edition. Figure 1 shows a general view of the test stand.

4.3. Optical Testing Methodology
4.3.1. Test and Measurement Apparatus

Tests on the injectors of a spark-ignition engine with direct injection were carried
out using a constant volume chamber (Figure 2). It allows for simulating conditions
corresponding to the engine chamber. In tests using a chamber with a volume of 2.2 dm?
(quartz glass with a thickness of 30 mm was built into five sides of the chamber), it
was assumed that the effect of piston motion and gas thermal conversion on the analyzed
phenomenon is negligible inside the chamber. Such assumptions accompany optical studies
of the course of fuel injection under static conditions. In addition, the tests were carried out
without air back pressure, which made it possible to analyze the qualitative magnitudes of
the development of the fuel spray (cross-sectional tests). The mentioned conditions deviate
to some extent from the real ones. However, the angle of fuel injection in the engine was
carried out under conditions where the pressure in the cylinder was close to the ambient
pressure (early injection in the intake stroke).
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Figure 2. Schematic diagram of the structure of the fuel atomization test stand using laser
illumination—cross-sectional views of all fuel jets.

The research conducted required the use of an external fuel supply system
(Figure 2—fuel supply). The pressure generation system used an electric motor to drive the
fuel pump (n = 350 rpm) producing a pressure of p = 100 bar.

A HighSpeedStar 5 camera from LaVision (Gottingen, Germany) was used to record
the optical signal from the fuel spray pattern (under halogen and laser illumination). Image
recording was carried out at a recording rate of 10 kHz. An image with a resolution
of 512 x 512 px was recorded at this filming speed. The shutter settings of the camera
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depended on the method of lighting: 1/10000—halogen lighting and 1/197000—laser
lighting. A Nikon AF Nikkor AF 24-85 mm f/1:2.8-4D IF lens was used in the study.

Optical tests for determining geometric indicators of the jet were performed three times.
The results presented in the article are an average of the data from the three repetitions.
The images shown are not averaged, and as such, an approach would result in low-quality
images.

4.3.2. Lighting Sources

The evaluation of typical geometric indices was carried out using halogen lighting.
It was realized using two 2 x 500 W halogen lamps in an arrangement orthogonal to the
recorded fuel spray (Figure 3).

cvC

Halogen

©lC)
©le)

1
|

I
\ Picture

Figure 3. Schematic of fuel atomization tests using halogen lighting—longitudinal projection view of
fuel spray.

The evaluation of additional qualitative indicators of fuel spray development was
analyzed using laser illumination. In the study, a beam generated by Surelite’s SL 1I-10 Con-
tinuum Nd:YAG laser was employed. The white-light-emitting laser was equipped with a
beam divider (Surelite Separation Package) to produce a second harmonic (wavelength =
532 nm; green light) of 50 mJ (max. 300 mJ). A circular beam (about 7 mm in diameter) was
directed at two mirrors (Figure 2). The beam was then directed to a collimator, and the form
of a horizontal optical knife was obtained. As the laser beam generation (f = 10 Hz) and
fuel injection were synchronized, a plane fuel jet exposure was obtained. The possibility of
changing the optical mirror with the collimator height (Ax = 20 mm—Figure 2) results in
different cross-sectional measurements of the jet relative to the injector tip.

The study of the fuel jet’s longitudinal and transverse cross-sections was carried out
using a device changing the shape of the laser beam, which guarantees the possibility of
further analysis. A view of the beam generation system is shown in Figure 4.

Wavelength

divider

Laser beam

generation system

Figure 4. View of the laser beam generation system.
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No optical filter was used to record the image, as only the light from the halogen lamp
reflected from the droplets of injected fuel or the green light (with a wavelength A = 532 nm)
from the laser system was recorded.

4.3.3. Optical Microscope

Visual observation of the condition of the nozzle tip of the tested injector was carried
out using an optical metallographic microscope. For research purposes, a Nikon Eclipse
MA100N compact inverted microscope designed for brightfield observation was used
(Figure 5).

Figure 5. An upgraded Nikon Eclipse MA100N metallographic microscope used for visual observa-
tions of the nozzle tip of the GDI system injector under study.

The microscope was originally equipped with a camera that works with a computer
and dedicated image analysis software (Figure 5). The microscope used in the study was
fitted with a rectangular three-plate MA-SR-N table. This makes it possible to observe
and capture high-contrast images with a magnification of up to 1000. The equipment
includes an illuminator for observation in reflected light (using the illumination method
from above—EPI), which has a diaphragm with a variable aperture (it controls image
contrast and depth of field). The tests were conducted with Nikon CFI60-2 TU Plan EPI
lenses providing long-distance capability and an advanced chromatic aberration correction
system.

5. Evaluation of Engine Tests—Change of Fuel Dose

Figure 6 shows a comparison of the changes in the injection times for the fuels tested,
obtained in tests carried out according to the Keep-Clean and Clean-Up procedures (de-
scribed previously—Section 4.2). The areas of the analyzed injection times (areas I to III)
are also marked in this figure. The injector opening time was calculated based on measure-
ments of changes in the width of the electrical pulse controlling the fuel injection time. The
average difference in injector opening (injection) time at the beginning and end of the test
is the result, which is usually given as a percentage of the change in the time of a single
fuel injection. The change in injection time was caused by the need to maintain a constant
value of the injected fuel dose due to obtaining a constant operating point.

Comparing the results of the Keep-Clean tests of the two fuels (Figure 6), for the
reference fuel (base), the average increase in the calculated injection time was 5.105%,
while for the reference fuel admixed with 20% (v/v) butanol (base + 20B), it was 3.875%.
According to the research carried out so far, the most important properties of unrefined
(base) fuel that has a major impact on injector deposit formation processes are the T90,
sulfur, olefin, and aromatic contents of the fuel, as well as vapor pressure, density, IBP
(Initial Boiling Point), and octane number [10,12,21,30]. In the discussed investigation,
the base fuel and thus the reference (base) fuel was RF-12-09 batch 11. The differences
in physicochemical properties among the blends studied were minor and were mainly
due to the admixture of butanol. The results obtained are influenced by the simultaneous
interaction of the different properties of the additives used, which can interact with each
other in very difficult-to-determine interactions with different effects on the formation
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of injector deposits. Analyzing the results obtained for the two fuels (base and base +
20B), the most noteworthy is the pattern of deposit formation during the 48 h test. In the
case of the base fuel, an approximately linear increase in deposits during the entire test is
apparent—Figure 6. As a result, after a 15 h test run, the calculated rise in injection time of a
single fuel dose is 2.936%—Figure 6 (area I). The situation is different for the base+20B fuel,
where the course of the increase in the injection time of a single fuel dose is logarithmic.
After about 15 h of the test run, a clear break in the trend of deposit formation can be seen
at the level of the increase in the injection time of a single fuel dose of 3.748%—Figure 6
(an area I). Then, in the other part of the test, i.e., between 15 and 48 h, the increase in
the injection time of a single fuel dose changes from 3.748% to 3.875%—Figure 6 (area II).
Thus, there is a stabilization of the deposit formation process. Differences in the trend
and rate of injector deposit formation for different fuels are due to the intensity of the
formation processes of deposit precursors, the strength of their adhesion to the surface,
and the simultaneous processes of self-cleaning of injectors [2]. After the formation and
stabilization of deposit precursors on the surface of the injectors, the subsequent course of
deposit formation results from the processes of their growth and removal (flushing). In the
case of a linear course, the simultaneous processes of deposit formation and removal occur
approximately with a constant predominance of fouling processes. A logarithmic course
occurs when the formation process of injector sediment precursors occurs more rapidly; the
sediment adheres more firmly to the surface, or/and its removal (washing out) occurs with
less intensity. Ultimately, in the case of fuel containing an admixture of alcohol, this leads
to balancing the sediment formation and removal processes after only a dozen hours of
testing. The results of similar studies [2] are consistent with those presented in this article.
They cover both the effects of ethanol and butanol on the tendency of GDI engine injector
deposits. However, in this case, only the ability of alcohol-blended fuel to keep injectors
clean (Keep Clean) was assessed.
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Figure 6. Changes in injection time of single doses of tested fuels obtained in Keep-Clean and
Clean-Up tests.

A comparison of the 72 h test results of the two tested fuels, base + 20B and base +
20B + DCA (Figure 6), shows that when the reference fuel doped with 20% (v/v) butanol
was used in the Clean-Up part of the test (24 h), the efficiency of removing the deposits
formed in the Keep-Clean part of the test was very low. In the 48 h part of the Keep-Clean
test, base fuel was used, obtaining an average increase in the calculated injection time of
4.378%. After replacing the fuel with the base + 20B fuel, the 24 h-lasting Clean-Up test
yielded an average calculated injection time decrease of 0.365% relative to the injection time
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after the 48 h Keep-Clean test—Figure 6 (area III). As in the case of the first Keep-Clean
test, in the second test, base fuel was used in the Keep-Clean part, obtaining an average
increase in the calculated injection time of 4.068%. After replacing the fuel with a base
fuel containing an admixture of 20% (v/v) butanol and 500 ppm (m/m) DCA, an average
calculated injection time reduction of 3.726% relative to the injection time after the 48 h
Keep-Clean test was obtained during the 24 h CleanUp test—Figure 6 (area III). Thus, the
fuel with the butanol and DCA-type additive proved to be very effective in washing out
injector deposits. After about two hours of running the Clean-Up test, more than 90% of
the final injection time reduction was achieved—Figure 6 (area III). For alcohol-blended
fuels, the effectiveness of the DCA-type additives used depended on their composition
and appropriate selection [1]. Publication [1] extensively describes the selection method
and the effect of the applied DCA additive on the tendency to form deposits on the intake
valves and in the combustion chambers of a PFI (flex fuel) engine. Research to date shows
that suitable DCA additives are the most effective way to prevent or reduce the formation
of harmful deposits on engine fuel injectors [10].

6. Fuel Jet Geometric Indicator Evaluation

The study of geometric indicators of the jet was carried out using the test stand in
Figure 3. Figure 7 shows the full pattern of the fuel outflow from the injector. Although the
set injection time was set to 0.6 ms, the actual fuel outflow time (after taking into account
the response times of the electromagnetic injector) was about 0.8 ms. This is the typical
response of the injector, as the hydraulic response and, in addition, the so-called injector
dead time must be considered in the actual outflow.

B2 injector -
( tip S

/N

Figure 7. Sequence of fuel spray formation images filmed at 10 kHz (At = 100 ps) in a constant
volume chamber (example fuel spray pattern—maximum penetration S = 102 mm).

The analysis of the fuel-injected spray structure recorded in the plane parallel to the
injector axis (Figure 7) was developed from 11 images corresponding to the 1.1 ms jet
formation time from when the injector needle opens. The corresponding color represents
the variation of fuel concentration in the jet from red, where the fuel is in the liquid phase,
to blue representing fuel vapor. In the initial stage of injection (the first four photos), the
jet is compact, and the shape is close to a cone. As time passes, the jet breaks up, and
individual streams are separated.

In order to compare the effect of using different fuels on the operation of the injector of
the GDI system, the following indicators were chosen: spray area, penetration, and jet cone
angle (Figure 8). The ranges of the change in jet penetration as a function of time (Figure 8b),
regardless of the fuel used, are negligible, and the maximum values after 1.1 ms do not
exceed a 2% difference. The change in the geometry of the outflow holes under the influence
of the deposits is best described by the spray area (Figure 8a) especially considering the
lack of significant changes in the penetration range. This indicates changes in the process
of jet development in the plane perpendicular to the axis of the injected fuels. Changes
in the spray area dictated by contamination of the injector can be caused by a change in
the amount of fuel injected (tin; = const) or a change in the distribution of fuel in the jet.
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The proportion of 20% butanol in the fuel during engine operation for 48 h significantly
affects the injector patency. During the same injector opening pulse duration during the
optical tests, the area covered by the fuel jet is increased by 14.1%. By subjecting the injector
running on the base fuel to the cleaning process for another 24 h, slightly better results were
obtained than continuous engine operation on the base + 20B mixture. The best results were
obtained using a cleaning procedure with 20% butanol and DCA added, which increased
the spray area by 13.4% relative to a cleaning procedure without DCA. Considering the
change in the fuel spray angle (Figure 8c), there is a relationship between the value of the
spray angle and the surface area. The smallest value of the jet cone angle was obtained for
the injector running on the base fuel, corresponding to the smallest maximum spray area
value. The results for the remaining cases are the same.
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Figure 8. Analysis of geometric indices of the atomized fuel spray (six fuel jets were considered
combined): (a) spray area; (b) penetration; and (c) jet cone angle.

It should be noted that the tests of geometric indicators were carried out with the
same basic fuel (gasoline). The obtained indicators are not the result of using various
fuels. Geometric index variations are due to the degree of the same injector contamination
subjected to subsequent tests. Therefore, higher values of the jet cone angle after tests with
butanol—Keep-Clean(base) + CleanUp(base + 20B) do not indicate irregularities or deviate
from the engine test. The most important indicator is the spray area; the cone angle cannot
indicate the spray quality.

7. Fuel Jet Cross-Section Analysis

The analysis with halogen light described in the previous section shows the external
structure of the jet without being able to identify changes occurring inside the outflowing
fuel streams. For this purpose, the fuel jet was recorded in a plane perpendicular to the
axis of the injector using laser illumination (Figure 9). The fuel jet was illuminated with a
flat laser beam at distances from 6 to 25 mm in 1 mm increments from the tip of the injector.
At the shortest distance from the tip of the injector, the jet is uniform and distinguishing
individual fuel streams is impossible. As the distance increases, it becomes possible to
distinguish individual streams and evaluate them.
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Figure 9. Sequence of images of the fuel jet in cross-section; the view includes the full sequence of
tests from 6 to 25 mm from the tip of the atomizer.

Images obtained at a distance of 21 to 25 mm were selected for a comparative evalu-
ation (Figure 10). This is the range where the best extracted visualizations of individual
fuel jets were obtained. In addition, a plot showing the cross-sectional area of the jet was
developed below for each image sequence. The unevenness of the area fields for each case
is due to the cross-sectional plane’s position in the injector’s axis inconsistent with the fuel
jet axis.

KeepClean (base)
+ CleanUp (base+20B+DCA)

25 mm

—=0—24 mm

—0—23 mm

—0—22mm

—0—21mm

(b) (c) (d)

Figure 10. Cross-sectional view of the jet (a—d) and area analysis (below) of individual fuels after
Keep-Clean and CleanUp tests: (a,b) tests lasting 48 h and (c,d) tests lasting a total of 72 h.
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The image sequences indicate that over the entire range analyzed, the largest area areas
were obtained for the case where 20% butanol and DCA additive were used in addition to
the base fuel (Figure 10d). Using only the Keep-Clean phase (Figure 10a,b), a distance of
21 mm separates all the streams, in contrast to the other cases where partially the streams
form a uniform area of fuel concentration. The two streams disappear for the injector
running on base fuel (Figure 10a) at a distance of 25 mm from the injector tip, which is
unprecedented in the other test cases.

The results of summing the areas for each image in the range of 6-25 mm are shown
in Figure 11. The largest area of the jet in the cross-section was obtained in the middle of
the analyzed distance. For the 48 h tests, the results are similar, but a larger area in the
middle range was obtained for the injector running on a mixture of butanol and base fuel.
Subsequently, applying the Clean-Up procedure improved the atomization rates, especially
with DCA additives. The results correlate with those previously discussed, but an analysis
of the internal structure of the spray shows smaller differences for the cases where the 48 h
test was used.
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Figure 11. The course of changes in the areas of the fuel spray (the sum of the six streams from the
beginning of the analysis—6 mm to the end—25 mm) in cross-sections.

8. Visual Assessment of the Injector Nozzles

An analysis of the type of fuel used on the patency of the channels of the tested
atomizer was carried out using an optical microscope. The results of the observations are
included in the form of summary images in Figure 12.

General views of the injector nozzle covering all six orifices and close-ups of the nozzle
channel outlet (Figure 12) indicate the formation of deposits for each fuel tested. Substantial
differences in the amount and location of deposits were observed. It was found that the
reference fuel used in the study produced such large deposits that they were the cause of
significant blockages of some atomizer channels (Figure 12a). Using the base + 20B fuel
also showed significant numbers of deposits; they did not completely plug the atomizer
channels (Figure 12b). The deposits observed in Figure 12b were most likely partially
reduced (in addition to the use of butanol fuel) by making a cylindrical deepening in the
spray channel.

Further observations of the nozzle tips made it possible to note that the application of
butanol-blended fuel following the 72 h CleanUp test (Figure 12¢) resulted in the formation
of deposits that adhered after the combustion process on a significant part of the surface of
the nozzle tip canopy (Pre-Hole). The above deposits on the nozzle tip bowl (Pre-Hole) were
not observed in Figure 12a—c. However, for the case in question, the deposits were clearly
away from the edge of the channel mouth on the side of the combustion chamber. The
views of the individual holes in Figure 12c,d indicate the presence of very small deposits in
the individual channel mouths of the atomizer. This demonstrates the deposit-reducing
capabilities and cleaning abilities of butanol for the Keep-Clean (base)+CleanUp (base
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+ 20B) test, particularly evident at the edge of the injector nozzle channel mouth on the
combustion chamber side (Pre-Hole) (Figure 12c). Microscopic observations (no clear
deposits at the mouth of the injector channels—Figure 12d) seem to confirm the advisability
of using and preventing the formation of deposits in the injector channels by applying a
DCA-type additive to the fuel.

(d) (e)

Figure 12. Images of the injector tips and holes after testing: (a) the hole diameter after the test as a
determinant of the figure scale; (b) Keep-Clean (base); (c) Keep-Clean (base + 20B); (d) Keep-Clean
(base) + CleanUp (base + 20B); and (e) Keep-Clean (base) + CleanUp (base + 20B + DCA).

9. Conclusions

The study shows that in the case of non-butanol fuel, the process of fuel injection time
increment as the test proceeds is linear. It can be hypothesized that if the conduct of the test
were to be prolonged by an unspecified time, there would be a further increase in injection
time. Thus, there would be an increase in deposits on the tips and the fuel outlet holes of
the injectors. A different course and tendency of the process of increasing the injection time
of a single dose of fuel was observed in the case of fuel doped with butanol. Here the course
is logarithmic. After the initial period of progressive increase in the injection time of the
fuel dose, it is followed by its stabilization over time at a certain level. As a result, butanol-
doped fuel has a lower tendency to foul fuel injectors. In this case, it can be hypothesized
that increasing the time of running the test would not cause significant changes in the
average injection time of a single fuel dose. The alcohol-compatible additive DCA for
refining alcohol-blended fuel is very effective in flushing out previously formed injector
deposits. This means an equal reduction in the average injection time of the fuel dose.

Based on the research and analysis carried out, specific conclusions were formulated
for each stage of the work.
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The research on changes in fuel injection time indicates that there is a relationship
between the use of fuel additives and injection time:

Butanol admixture to the base fuel deposits the injector, and the changes
are linear;

Butanol admixture causes a linear increase in injection time up to about 30% of the
duration of the engine dynamometer test; after that, injection time stabilization
is observed, indicating no further deposit formation;

The use of butanol-blended gasoline (without DCA) in the CleanUp procedure
does not change significantly the contamination status of the injectors;

The use of fuel with the addition of DCA in the CleanUp procedure causes a
sharp increase in the flow cross-section of the injector orifices (as evidenced by
the reduction in fuel injection time).

Studies on geometric indicators of the jet under halogen lighting indicate:

The spray area analysis shows that the results coincide with those of the studies
on injection time changes; the use of standard fuel significantly reduces the spray
area due to deposit;

The spray area corresponds to the angle of the cone;

The degree of coking of the injector has no significant effect on the jet penetration;
The use of the CleanUp phase with butanol yields better results than running
the injector on a mixture of base fuel and butanol during the Keep-Clean phase
(14.1% increase in area field);

The addition of DCA achieves the best results from the analyzed cases in restoring
injector patency.

The research on the evaluation of the jet in cross-section using laser illumination made
the following possible:

Determination of the size of the cross-sectional projection of the fuel jet, which
makes it possible to evaluate the spray area for each atomizer orifice separately;
Assessing the degree of contamination of the injectors by analyzing the optical
merging or significant reduction of the outflow of the injected fuel jet;
Assessment of the unevenness of fuel outflow from the injector orifices.

Observation of the condition of the tip of the atomizer using an optical microscope
allowed us to determine the following conclusions:

The use of base fuel causes the formation of numerous deposits, which can even
completely pivot the mouths of the injector channels of a GDI-type injector;
The admixture of butanol to the fuel (base + 20B) in the Keep-Clean (base +
20B) test can cause only partial journaling of the mouth of the channels of the
GDlI-type injector;

The admixture of butanol in the Keep-Clean (base) + CleanUp (base + 20B) test
appears to have a marked effect on reducing deposit formation relative to the
base or butanol-doped fuel in the 48 h test;

The occurrence of sparse deposits at the mouth of the nozzle channel of the
GDI-type injector on the side of the combustion chamber when operated with
the DCA-type fuel indicates the effectiveness of reducing deposit formation by
the additive used.

The potential of the hybrid test methodology presented in this paper will allow
it to be used in the future to assess injector deposits formed by fuels containing
up to 85%(v/v) alcohol. It is also possible to use this test methodology to assess
injector deposits of compression ignition engines.

Based on the conclusions, it would be worth expanding the study in the future
to use other alcohols and evaluate the effects of their interaction with DCA. In
addition, optical microscopy proved to be instrumental in identifying injector tip
fouling. For better visual evaluation of the holes’ interiors, it is worthwhile to
undertake studies using a scanning electron microscope.
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